Abstract
unlike their predecessors, apply a radial retrieval force in the centre of the thrombus and along its whole length. This technical evolution might increase their rate of recanalisation. These devices received FDA approval for the distribution in the US in 2012 [12, 13] . Recently, another stent retriever called Revive TM SE Thrombectomy Device has emerged. The main disadvantage of clot retrieval is the inability to achieve recanalisation in as many as 20-40% of large-vessel occlusion strokes [15, 16] . This feature has not been established in stent retrievers yet. The proposed benefits of stent retrievers over other techniques are a higher rate of recanalisation and easier use leading to shorter procedural times and early flow restoration even before the clot is retrieved.
The aim of this paper was to analyse, through a systematic review, the safety and efficacy of stent retrievers in the endovascular treatment of acute ischaemic stroke.
Methods

Systematic Review and Study Selection
Literature searches were conducted in the major databases of the medical literature: Centre for Reviews and Dissemination (CRD) Database, Cochrane Library Plus, Medline (PubMed), Embase (OVID), Web of Science (Web of Knowledge) and Scopus. References from the included studies and review articles were scanned. The main terms used in the search were a combination of MeSH terms (e.g. 'Stroke', 'Thrombectomy' or 'Stent') and/or free-text terms ('stent retrievers', 'stent like-devices', 'Solitaire', 'Trevo' or 'Revive'). This strategy was implemented until March 2015. Two independent investigators reviewed and selected articles according to predefined selection criteria. Randomised controlled trials (RCTs), observational studies and case series that assessed the safety and efficacy of mechanical thrombectomy using stent retrievers were included. Studies that used mechanical thrombectomy simultaneously with other endovascular therapies or submitted pooled results were excluded.
Definition and Selection of Variables
According to the GRADE methodology [17] , different outcomes of interest were identified in the literature and then classified by neurologists using a scale from 1 to 9 (1: lesser importance; 9: maximum importance), taking into account their clinical relevance. Only those outcomes that were critical for decisionmaking (final score between 7 and 9) were taken into account for the analysis. Those outcomes scoring >4 points were not considered further. Finally, 8 out of 14 variables were selected: 3 regarding safety [symptomatic intracranial haemorrhage (ICH; European Cooperative Acute Stroke Study definition), asymptomatic ICH and perioperative mortality from all causes] and 5 regarding efficacy [successful recanalisation defined as thrombolysis in cerebral infarction (TICI) flow ≥ 2 in the territory of the occlusion, procedure time, i.e. the median or mean time from the initial placement of the guide catheter to the achievement of recanalisation (TICI flow ≥ 2), level of neurological deficit, i.e. the median or mean National Institutes of Health Stroke Scale (NIHSS) score at 24 h, good clinical outcome defined as a modified Rankin Scale (mRS) score ≤ 2 at 90 days and all-cause mortality at 90 days].
Evaluation of Quality of Evidence
Data were extracted and summarised in evidence tables, and the GRADE system was used to judge the quality of evidence [18] . Design limitations of the selected RCTs were evaluated using the risk of bias assessment tool of the Cochrane Collaboration.
Analysis and Presentation of the Results
An independent analysis of the clinical results obtained from RCTs or case series was performed [19] . For RCTs, a meta-analysis of outcomes (Review Manager v. 5.2) was performed using inverse variance weights and both the fixed-effects model and the random-effects model (DerSimonian and Laird) were used depending on the heterogeneity level. Statistical heterogeneity was assessed with Cochran's Q test (χ 2 test) and quantified with the I 2 test. An I 2 value represents the percentage of total variation across studies, which is caused by heterogeneity rather than by chance. We considered a low I 2 value as ≤ 25% and a high I 2 value as ≥ 75%.
In the case series, the mean ± SD weighted by the sample size (SPSS v. 19) was calculated. For continuous variables, the estimation of the mean was established from the median [20] . The results were entered into evidence tables, using the GRADE profiler (GRADEpro) v. 3.2, along with the level of evidence and the importance of each variable.
In order to simplify the analysis and presentation of the results, the two retrieval systems Solitaire TM and Trevo ® were jointly evaluated in the RCTs, as these devices are similar in structure and operation. In fact, the only difference is that the Trevo ® system presents a closed distal end design with the aim of minimising the risk of vascular damage.
Results
Search Results
Overall, 830 references were obtained of which 29 were selected for full-text reading. According to the inclusion and exclusion criteria, 17 primary studies were finally selected: 2 RCTs, 3 comparative studies (stent retrievers vs. rtPA, Merci ® or another stent) and 12 case series ( table 1 ) . The Solitaire TM device was assessed alone in 10 studies (n = 1,267) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , Trevo ® in 4 (n = 221) [30] [31] [32] [33] and Revive TM in 1 (n = 10) [34] . One study evaluated both Solitaire TM and Trevo ® stents (n = 43 and n = 26, respectively) [35] , and another study assessed both the Solitaire TM and Revive TM devices (n = 9 and n = 12, respectively) [36] . Finally, 1 study included patients for whom the 3 latter devices were used (n = 138, n = 2 and n = 4, respectively) [37] . Two case series evaluating patients with exclusive basilar artery occlusion were not included in the pooled analysis [23, 36] . IAT = Intra-arterial; CM = middle cerebral artery; CI = internal cerebral artery; AB = basilar artery; Post = posterior circulation. 1 Figures are median (range) or mean ± SD. The study of Saver et al. [21] used an independent imaging laboratory and a clinical committee blinded to the group assigned to each patient. The interventional neurologist knows the type and size of device. They do not indicate whether losses occurred during the study, nor were analyses performed with intention to treat. The study by Nogueira et al. [31] is an open study, but does not specify whether the patients knew the device they were treated with. It is also indicated that a committee analysed the data and drafted the article independently. These limitations were not considered relevant enough to lower the quality of the evidence. The confidence interval includes an OR: 1. 
Safety of Stent Retrievers
Symptomatic ICH In the 2 RCTs included, symptomatic ICH at 24 h occurred in 4.9% of patients [21, 31] ( table 2 ). In total, 288 patients were included in the combined analysis, and no significant differences were observed between groups (OR, 0.43; 95% CI, 0.09-2.06; p = 0.29; fig. 1 ).
In the 13 included case series (n = 1,538), the rate of symptomatic haemorrhage was 7.3 ± 3.7% [22, 24-30, 32-35, 37] . Additionally, no significant differences between stent retrievers and intravenous rtPA were found [30] , nor were they found in patients treated with Trevo ® or Solitaire TM devices. In the 2 case series with basilar artery occlusion [23, 36] , only 1 case of symptomatic ICH was observed [36] .
According to the GRADE system, the quality of evidence for this outcome ranged from moderate in RCTs (due to the presence of imprecision) to very low in case series ( table 2 ) .
Asymptomatic ICH The rate of asymptomatic ICH in patients treated with stent retrievers was 31% in RCTs [21, 31] ( table 2 ) . Meta-analyses (n = 291) achieved a significant difference (p = 0.04) favourable to the stent retriever group (OR, 0.59; 95% CI, 0.35-0.97; fig. 1 ).
The 4 case series included (n = 451) had a weighted mean of asymptomatic haemorrhage rate of 18 ± 8.9% [22, 24, 28, 32] . In patients with basilar artery occlusion, only Möhlenbruch et al. [36] reported a single case of asymptomatic haemorrhage. The quality of evidence from RCTs was high because they did not present methodological limitations, whereas case series had a very low evidence quality ( table 2 ) .
Perioperative All-Cause Mortality (at 24 h) In only 1 RCT in which Trevo ® was compared with Merci ® , 2 deaths at 24 h were recorded in the first group (2%) and none in the comparison group [31] ( table 2 ) . Available evidence to asses this finding was limited, with only 1 high-quality RCT ( table 2 ) .
Efficacy of Stent Retrievers
Recanalisation Success The rate of successful recanalisation (defined as TICI flow ≥ 2) in the 2 RCTs (n = 285) was 79.6% ( table 3 ) [21, 31] , resulting in a significant difference (p < 0.00001) in favour of the stent retriever group (OR, 4.56; 95% CI, 2.63-7.90; fig. 2 ). In the 12 case series (n = 1,397), the weighted mean of successful recanalisation was 80.8 ± 7.7%.
Ribo et al. [35] , no significant differences were found [30] . In patients with exclusive basilar artery occlusion, recanalisation success ranged between 75 [36] and 84% [23] .
Procedure Time In RCTs, the time to recanalisation in patients treated with stent retrievers ranged from 36 ± 11.75 to 47.8 ± 44.2 min, while in the control group (Merci ® ), it ranged from 47.3 ± 28.8 to 52 ± 10.5 min [21, 31] ( table 3 ) . The pooled analysis showed a similar procedure time in both groups (mean difference: -8.8, 95% CI, -24.8 to 7.2; p = 0.28). In case series (9 studies, n = 1,156), the weighted mean value of this outcome ranged from 29 ± 27 to 97 ± 46.7 min [24-26, 29, 30, 32-35] . In a comparative case series, a shorter procedure time was observed in patients treated with stent retrievers (Solitaire TM and Trevo ® ) versus intra-arterial rtPA or the Merci ® clot retriever (88 ± 46, 103 ± 70 and 128 ± 62 min, respectively; p < 0.01) [35] . Mendonça et al. [30] found no differences between Solitaire TM and Trevo ® stent retrievers. Finally, the procedure time (from the first angiogram to recanalisation) in patients with basilar artery occlusion was variable, ranging between 30 (13-100) [23] and 77 (30-324) min [36] .
Neurological Deterioration (24 h) In RCTs, the level of neurological deficit after the intervention as measured by the NIHSS varied between 4.5 ± 2.9 and 12 ± 2.3 points in patients treated with stent retrievers, and between 18 ± 1.6 and 30 ± 10 points in those in whom recanalisation was performed with the Merci ® device [21, 31] ( table 3 ) . The pooled analysis of the RCTs showed no statistically significant differences (mean difference: -15.7; 95% CI, -34.8 to -3.4; p = 0.11; fig. 2 ).
In case series (6 studies, n = 327), the weighted mean deficit after the intervention ranged from 7 ± 6.25 to 17.5 ± 12.3 points (mean calculated from median if required) [22, 27, 29, 30, 34, 35] . In a comparative case series, a minor neurological deficit was observed in patients treated with stent retrievers compared with those for whom a Merci ® retriever or rtPA was used [median (range): 7 (1-26), 12 (5-30) and 14 , respectively, p = 0.05] [35] .
In another comparative case series, no significant differences were found between the Solitaire TM stent and rtPA [22] , nor between the Trevo ® and Solitaire TM devices [30] . In patients with basilar artery occlusion treated with a Solitaire TM device, a lower post-intervention neurological deficit was observed than in the aforementioned studies [median (range): In the study by Saver et al. [21] , they used the thrombolysis in myocardial infarction flow. 2 See limitations of RCTs in safety. 3 No heterogeneity tests. 4 No control group. 5 The measure of effect is different and the CIs do not overlap (I 2 : 87%). 6 The confidence interval includes an OR: 1 in the study by Nogueira et al. [31] . 7 Weighted mean ± SD. fig. 2 ). These results should be interpreted with caution due to the low quality of the available scientific evidence. In case series (n = 1,168), the average percentage of death in patients treated with stent retrievers was 21.4 ± 9.4% [22, 24-27, 30, 32, 33] .
All-cause mortality at 90 days was similar in patients treated with Solitaire TM stents to that of those who received rtPA (29 vs. 27%, p = 0.75) [22] . No differences between the Solitaire TM and Trevo ® devices were found (25 vs. 30%, p = 1.00) [30] . Regarding studies about patients with exclusive occlusion of the basilar artery, the 90-day mortality rate reached 12 and 29%, respectively [23, 36] . For this efficacy endpoint, the quality of the evidence level according to the GRADE approach was low for RCTs and very low for case series because of the serious inconsistency and imprecision observed in the RCTs ( table 3 ) .
Discussion
This systematic review analyses all studies in which patients were treated with mechanical thrombectomy using the Solitaire TM , Trevo ® or Revive TM device for acute ischaemic stroke, after being ineligible to receive intravenous rtPA therapy or for whom intravenous rtPA therapy had failed or was bridged. The available evidence suggests that stent retrievers are safe and effective devices that enable high recanalisation rates and good neurological outcomes in patients with acute ischaemic stroke due to intracranial artery occlusion. Furthermore, Solitaire TM and Trevo ® have shown higher recanalisation rates and improved long-term clinical outcomes compared to early mechanical thrombectomy devices such as Merci ® . In the following sections, we discuss the main safety and effectiveness outcomes reported in published studies about stent retrievers. Regarding the safety of mechanical thrombectomy with stent retrievers, several factors may be associated with the ICH rate, i.e. previous atrial fibrillation (AF). Thus, in a retrospective case series, a larger and more significant risk of symptomatic ICH at 24 h was found in patients with AF or haemodynamic instability during the procedure, even though there were no predicting factors in the multivariate analysis. The baseline ASPECT score independently predicted symptomatic ICH at 24 h [38] . This possible relationship is not clear in the reviewed evidence. In the RCT comparing the Solitaire TM stent with Merci ® [21] , the rates of AF were 45 and 67%, respectively, with higher but no significant differences in the haemorrhage rates in the Merci ® group (2 vs. 11%). In addition, 2 case series with AF rates of 30-40% among the patients reported a haemorrhage rate of 10-12% [25, 33] , while Yoon et al. [27] only observed 1.4% of symptomatic ICH among 54% of patients with AF. Therefore, it is likely that in the assessment of ICH, there is an influence of factors other than AF, such as procedural complications (embolisation of a region that was not previously affected, vascular perforation, etc.) or characteristics of patients associated with an increased haemorrhage risk. Regarding stent retriever effectiveness, it could depend on factors related to the procedure, such as the successful recanalisation rate, time to achieve recanalisation or patient characteristics, such as prior neurologic deficit or location of the occlusion.
Successful Recanalisation
According to Soize et al. [38] , the recanalisation success is a predicting factor of good clinical outcome at 3 months (mRS score ≤ 2). In our review, the combined results of the RCTs showed a successful recanalisation rate of 79.6% in stent retriever-treated patients, but only in 49% of patients treated with Merci ® , with 47 and 26% having an mRS score of 0-2 at the 3 months' follow-up, respectively [21, 31] . However, considering the studies separately, we can see that in the SWIFT trial [21] , successful recanalisation was achieved in 61% of the Solitaire TM -treated patients, and 58% of the patients reached an mRS score of 0-2 at the 3-months follow-up. On the other hand, in the RCT that compared the Trevo ® device with Merci ® [31] , the results were slightly different than those of the SWIFT trial: recanalisation was seen in 86% of stent retriever-treated patients, but only 40% of them reached independence (mRS score 0-2) after 90 days. It is important to point out that this study had a delay of 4.7 h (onset to groin puncture). Two of the most successful case series of recanalisation (90-95%) achieved good clinical outcome rates of 55-60% [22, 32] . Pereira et al. [26] also obtained good clinical results in 58% of patients with a smaller percentage of recanalisation (79%), although in this case series, the procedure time was reduced (29 ± 27 min; this factor is evaluated below). Series with a lower successful revascularisation rate (73-75%) obtained adequate clinical outcomes of 42-45% [27, 33] , or even lower (33%) [36] ; however, this series included patients with a high baseline neurological deficit (24 on the NIHSS scale).
Procedure Time
Some studies suggest that better clinical outcomes may not be associated with the rate of successful recanalisation, but rather that it is achieved at an early stage [39, 40] .
Thus, 2 retrospective series in patients treated with the Solitaire TM stent retriever found an inverse relationship between good clinical outcomes at 3 months and the duration of the procedure [38] or the time from symptom onset to recanalisation [41] .
In this review, only a few studies showed similar results [26, 35] . However, one of the RCTs observed a higher percentage of good clinical outcomes in the stent retriever group (Trevo ® ) than in the Merci ® group despite showing no differences in terms of time of recanalisation [31] . In addition, 1 case series showed a similar percentage of appropriate clinical outcomes that other series reviewed despite having a shorter procedure time (median: 30 min) [23] .
Baseline Neurological Deficit
A high NIHSS score on admission appears to be an adequate predictor of bad outcome at 90 days (1-point increase on the NIHSS; OR, 1.23; 95% CI, 1.07-1.40) [42] . In addition, patients with bad clinical outcomes at 90 days had a high baseline neurological deficit (median NIHSS score: 24 points) [36] . However, a comparative case series observed the highest percentage of good outcome (60%) in patients with a high baseline neurological deficit (NIHSS score: 20) [22] .
In the RCTs with a comparable previous neurological deficit, patients treated with stent retrievers had a higher percentage of good outcomes than patients treated with the Merci ® device [21, 31] .
Location of the Occlusion
Some studies have suggested that the location of the lesion may influence the rate of recanalisation [8, 43] , neurological improvement [43] and good outcome [38] . The case series evaluated in this review have observed low appropriate outcomes when a high percentage of patients had occlusions localised in the basilar artery, distal internal carotid or tandem occlusions [23, 24, 27, 30, 36] .
However, as indicated above, there appears to be a direct relationship between the incidence of recanalisation and a good clinical outcome, with the location of the occlusion being the less influencing factor. In the series of Baek et al. [23] , a good outcome of 48% was achieved in patients with basilar artery occlusion, which may be due to the fact that the success of recanalisation was 85%. This could suggest that the affected vessel and recanalisation success are additional factors that would ultimately condition, to a greater or lesser extent, the clinical outcome.
90-Day All-Cause Mortality
One of the included RCTs found a lower mortality rate at 90 days with Solitaire TM , despite having a symptomatic ICH percentage similar to those treated with Merci ® . The reason could be that the first group obtained a lower procedure time and post-intervention neurologic deficit [21] . Finally, the retrospective series by Soize et al. [38] only found a higher mortality rate in those patients with large occlusions or symptomatic ICH.
The reviewed evidence shows an optimal recanalisation rate and clinical outcomes in patients treated with stent retrievers within 8 h after stroke onset. Two case series (49 patients) that included patients with basilar artery occlusion reported similar clinical outcomes to other case series that included <10% patients with thrombosis in this location. However, some methodological limitations and the possibility of conflicts of interest should be considered. According to the GRADE method, the quality of the evidence derived from RCTs was moderate to low due to the existence of imprecision and inconsistency, and case series also provide a poor evidence level because of the absence of a control group. For this reason, the confidence in estimation of effects could be limited.
The outcome analysis of other published RCTs which compared intravenous rtPA with intra-arterial treatment may be useful to clarify existing uncertainties.
Recently, two randomised trials comparing endovascular procedures with medical treatment in acute ischaemic stroke have been published [44, 45] . In the IMS-III trial [44] , patients were randomly assigned within 3 h after the onset of stroke symptoms to either intravenous alteplase alone or intravenous alteplase plus interventional techniques (intraarterial alteplase alone, intra-arterial alteplase combined with low-intensity therapeutic ultrasound and use of the Merci ® retriever or Penumbra ® and Solitaire TM devices during the later phase of the study). The trial was stopped prematurely because it was clear that there was no significant difference between the two approaches.
In the SYNTHESIS trial [45] , patients with acute ischaemic stroke were randomly allocated within 4.5 h after symptom onset to either intravenous alteplase alone or endovascular treatment (intra-arterial alteplase, mechanical clot disruption or retrieval, or a combination of these approaches). Again, endovascular treatment was no better than intravenous alteplase, possibly because of a delay in the start of treatment in the endovascular group.
These results have led to scepticism about the use of endovascular therapy in acute ischaemic stroke. However, in the opinion of Nogueira et al. [46] , research results are only generalisable to a similar cohort as the target study population; however, the IMS-III and SYNTHESIS trials did not target the optimal population for endovascular therapy and used a small percentage of stent retrievers.
In contrast, the results of the MR CLEAN trial [47] presented a higher benefit, i.e. functional independence, of intra-arterial treatment (82% stent retrievers, 2% other devices and 0.4% intra-arterial thrombolytic agents) plus intravenous rtPA than intravenous rtPA alone, administered within 6 h after stroke onset, in the treatment of a proximal occlusion of the anterior circulation. On the same line, the ESCAPE trial showed evidence of the benefit of endovascular treatment in patients with moderate-to-severe ischaemic stroke. The trial authors reported a higher rate of functional independence (90-day mRS score ≤ 2) and a lower mortality rate with standard care plus endovascular treatment (preferably stent retrievers) than with standard care alone (intravenous alteplase alone) [48] . Another recently published RCT named EXTEND-IA trial showed that the Solitaire TM FR stent retriever used without delay alters alteplase as compared with alteplase alone and improved early neurological recovery and functional outcomes in patients with ischaemic stroke due to proximal occlusion [49] .
Thus, an editorial paper reported that MR CLEAN data are 'a step in the right direction', although more well-designed trials are necessary to confirm these hopeful clinical results [50] .
One of the possible limitations of this systematic review, as previously discussed, is that in order to simplify the analysis and the presentation of the RCT results, the two retrievable stents, Solitaire TM and Trevo ® , were jointly evaluated, as they are devices with a similar structure and operation. This is based on a comparative study of these two devices carried out by Mendonça et al. [30] that found no significant differences in safety and effectiveness variables. Another potential limitation which could limit the analysis is the variability in the definitions of the study endpoints. However, only one outcome, successful recanalisation, was defined differently in both included RCTs, i.e. the thrombolysis in myocardial infarction or TICI flow. Another fact is that most of the included studies administered intravenous rtPA prior to the treatment with stent retrievers or other endovascular treatments (intra-arterial thrombolysis, angioplasty/intracranial stent or other mechanical thrombectomy devices) used in those patients in whom recanalisation was not achieved. These adjuvant treatments may be confounding factors that could have more or less of an impact on the clinical findings shown by the stent retrievers in the reviewed evidence.
Conclusions
Considering the reviewed literature, it could be concluded that, for the endovascular treatment of acute ischaemic stroke, stent retrievers used within 8 h of stroke symptom onset lead to higher recanalisation rates and improved long-term clinical outcomes compared with early mechanical thrombectomy approaches. However, various factors such as the occlusion site or stroke severity should be analysed when establishing more precise indications for using this technique.
